This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: Abstract We describe a new class of negative Poisson's ratio (NPR) open cell PU-PE foams produced by blocking the shape memory effect in the polymer. Contrary to classical NPR open cell thermoset and thermoplastic foams that return to their auxetic phase after reheating (and therefore limit their use in technological applications), this new class of cellular solids has a permanent negative Poisson's ratio behavior, generated through multiple shape memory (mSM) treatments that lead to a fixity of the topology of the cell foam. The mSM-NPR foams have Poisson's ratio values similar to the auxetic foams prior their return to the conventional phase, but compressive stress-strain curves similar to the ones of conventional foams. The results show that by manipulating the shape memory effect in polymer microstructures it is possible to obtain new classes of materials with unusual deformation mechanisms.
Introduction
Shape memory (SM) is an attribute of materials that return to their original shape after a plastic deformation. SM is achieved through exposure to various stimuli, typically a heat source.
Research on properties and application of SM materials is very extensive and includes shape memory alloys (SMA) [1] [2] [3] [4] , recently emerging shape memory hybrids (SMHs) [5] [6] [7] [8] , and polymers (SMP) 9 . SMPs feature many advantages compared to SMAs, such as low density (usually from 1.0 to 1.3 g cm −3 ), higher strain recovery (maximum return rate over 400%), and relatively low manufacturing costs with easy processing 5 . The polymers can be modified using relatively straightforward processes, allowing an easy adjustment of the polymers' properties according to requirements of the specific applications. The most commonly used SMP materials are thermoplastic polyurethanes (PU), due to its ease of preparation, high resistance to organic solvents and aqueous solutions, possible biocompatibility and biodegradability. Additionally, PU glass transition temperature can be easily tailored for the desired application. Foams constitute a specific subset of SMPs. Shape Memory Foams (SMFs) are manufactured in a similar to conventional foams how-ever, using SMP as their base materials. The first shape memory foam was proposed by Tey et al. 10 , using SMP core material in a open cell structure. Typical constituent solids for SMFs are epoxy 11, 12 , polyurethane 13 and vinyl copolymer-based polymers 14 . SMF have a very low density, are highly compressible and possess a significant shape recovery ratio that is very desirable for various applications, specifically in aerospace and automotive industries 12, 15 . With SMFs, polymeric vehicles or structures could in theory be compacted during transportation and returned back to their original shape when delivered, significantly reducing the storage required for transportation 11 .
Negative Poisson's ratio foams (NPR) polyurethane foams were first manufactured by Lakes using a combination of multiaxial compression of pristine foam, followed by heating below the polymer softening temperature and successive cooling 16 . The resultant foam features pores with a general re-entrant structure, providing the negative Poisson's ratio effect. Research in negative
Poisson's ratio materials is not only stimulated by the counter-intuitive behavior of such solids, but also because of the large number of beneficial properties which may be used in practical applications, like increased indentation resistance, shear stiffness, plane strain fracture toughness, enhanced acoustic properties and the ability to form synclastic curvature. Negative Poisson's ratio foams may therefore perform better than their conventional counterparts in a number of products, including cushioning applications where the ability of the foam to form dome shaped structures will ease problems, such as pressure ulcers endured by persons who are confined on a wheel chair or are bed ridden. Negative Poisson's ratio foams may also show superior qualities when used in protection equipment because their material tends to flow towards the impact zone (i.e., it becomes denser). Porous filters may also benefit from the introduction of a negative
Poisson's ratio since the area of the pores in auxetic materials -opposite to conventional solidstend to increase on the application of a stress. Since the publication of Lakes' seminal paper, different types of manufacturing processes have been designed to produce NPR open cell foams [17] [18] [19] [20] . A shape memory effect can be also induced in negative Poisson's ratio foam specimens by applying a specific temperature profile, causing the dimensions of the NPR foam to return to their original values (conversion to returned phase). The process of converting PU foam from conventional to NPR (also denominated as auxetic 21 ), and the subsequent reconversion to the returned (or original) phase, is designated as one conversion cycle 22 . Bianchi et al. 22 suffer an important drawback due to their shape memory effect, due to which they revert back to their original structure (having a positive Poisson's ratio) when exposed to heat or solvents.
We describe in this paper how upon repeated shape memory cycles it is possible to transform a conventional polyurethane foam material permanently into a negative Poisson's ratio one even after nominal shape memory recovery. The irreversible (or blocked) shape memory effect generated in these open cell polyurethane foams can be used to produce designer polymeric porous materials with unusual deformation mechanisms (metamaterials) for applications ranging from higher temperature acoustic liners to biomedical implants in which negative Poisson's ratio porous polymers with high indentation and wear and tear properties. (2), obtaining a foam with negative Poisson's ratio characteristics (3) . After being subjected to mechanical testing (4), the foam is placed in a oven at a temperature above the softening point, and returns to a conventional phase (5) with further testing (6) . The returned-conventional foam is subjected to mechanical testing again. The conventional-auxetic-returned processing is performed five times. We obtain five auxetic phases (and five returned foam batches (1 st , 2 nd , 3 rd , 4 th , 5 th ).
Manufacturing and testing
We have used five identical off-the-shelf open-cell PU-based conventional foam specimen types with 27 kg m −3 density (SM Upholstery Ltd, Cardiff, UK). The specimens had initial dimensions of 30 mm diameter and 160 mm in length ( Figure 1 ). The pristine foams have been converted into the NPR (or auxetic) phase using the classical manufacturing route described in 24, 25 . The specimens have been compressed to their 50 % and 37% of the original dimensions along the axial (i.e. foam length) and the radial (i.e. foam diameter) directions, respectively. The mould has been then placed into a preheated industrial oven Carbolite GP 450B at 200ºC, according to the thermal β profile described in 24 . The temperature inside the foam specimen has been monitored using a thermocouple. Once the final temperature of 150ºC after 12 mins has been reached, the mould was retrieved from the oven and cooled down at the room temperature for two hours. At the completion of the cooling process, the auxetic specimens have been extracted from the mould and gently pulled along their longitudinal direction to relax the samples from any residual stress on the outer surface 24 . The ends of the foams extracted from the mould have also been cut before testing, to obtain specimen with homogeneous mechanical and structural properties. NPR foams show a natural tendency to partially recover their original dimensions 24 , therefore all the density measurements were performed immediately after manufacturing.
Following 22 the auxetic foam specimens were placed into a preheated oven at 200ºC. For all the samples we have observed a re-laxation process starting to be visible when the foam specimen core reached 100ºC. The relaxation rate rapidly increases until a temperature of 150ºC was reached, and full recovery of the original dimensions is obtained. The specimens in this first new phase are named as "returned" 17 . The cyclic process of conversion into auxetic and back into returned phase has been repeated five times, with 11 different states for the foams considered.
Five samples have been converted within each production batch. The mechanical tests have bee carried out immediately after the manufacturing process. The dimensions of the foams have been measured using a digital caliper (sensitivity 0.01 mm) at different location of the sample length.
The specimens have been also weighted using an electronic scale (sensitivity of 0.001g). The final density ratio of the foams has been calculated as 26 Values of the energy dissipated through hysteresis within a cyclic loading were calculated approximating the sides of each stress-strain curve with two second degree polynomial curve followed by numerical integration of areas. Differential Scanning Calorimetry (DSC) has been also carried out using a TA Instruments Q100 DS Calorimeter. The DSC analysis has been performed on all the foams from the 1 st to the 5 th returned cycle, as well as on the native 
Results and discussions
The microstructure of the foam in the auxetic states has a typical re-entrant shape, and is clearly different from the one belonging to the pristine phase ( Figure 1 ). Significant changes from the microstructure of the pristine foam are however observed for the returned phases. The foam in the initial condition shows a reticulated topology with rounded cells and the presence of membranes, while the cells in the returned specimens appear to be deformed from this more smooth and regular microstructure, with creases in the membranes and kinks along their ribs, thereby confirming previous reports 22 Both small and wide-angle X-ray scattering tests did not show significant changes in cristallinity or the presence of larger scale structures between the various conventional (reference), auxetic and returned foams ( Figure 5 ). The SAXS tests show for all foams the presence of a shoulder, which is an indicator of the presence of layers of segregated hard sections alternating the soft section 23, 35 . With the Lorentz polarization factor it was possible to observe a peak at 0.08 Å −1 common to all the foams considered in this work, which suggests the presence of a phase separated structure with weak interconnections between hard segments as noted in other PU-type foams 23 
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A parallel study was performed on the vibrational spectra of the foams in the different auxetic states ( Figure 6 ) and whilst the changes are subtle, there is some evidence for the differences in the microstructure reflected in the data, which are broadly attributed to reduced or increased intramolecular association, particularly through hydrogen bonding. This is shown clearly when considering the superimposed Fourier transform infrared (FT-IR) absorption spectra as the native state. Whilst the spectra do show some variation in baseline position towards the lower frequencies, the good agreement of the baseline above the fingerprint region facilitates direct comparison of the high frequency vibrations. Thus, a consideration of the weak but broad band at 3500-3700 cm −1 (attributed to the hydrogen bonding in the N-H moiety) shows a modest reduction as the native o r c o n v e n t i o n a l state makes the transition to the first auxetic state (broken blue line) ( Fig. 6a ). This is accompanied by an apparent reduction in the intensity and shape of the broad band at 3100-3400 cm −1 . The latter is likely to be due to a (Fig. 6b ). This suggests that there is a degree of hysteresis present as the apparent relaxation of the polymer network not only restores (but subsequently enhances progressively) the hydrogen bonding response as the network is cycled through subsequent restored states (Fig.  6b ). This appears to support the aforementioned comments made about the microstructure of the foam in the returned phases (i.e. the change from reticulated topology (rounded cells and membranes) to increasing deformation and wrinkling. The change in surface area, associated packing and potential for hydrogen bonding increases as the structures are cycled. With the 3 rd and 4 th auxetic there appears to be increases in the vibrational bands at 2962 cm −1 (methyl, C-H stretch) and 1700 cm −1 (carbonyl, C=O). After the above-mentioned evidence, it is apparent that the unusual blocked shape memory effect has a mechanical origin. At least for points of localized high strains during the cyclic compressions, strain-induced crystallization that is not eliminated on reheating leads after successive cycles to a turnover in auxetic response. To verify any possible topological change in the foam microstructure due this residual crystallization at high strained locations we have carried out CT scans of the native and 5 th returned samples (Figure 7) . The CT scans highlight more clearly the significant change in the microstructure of the returned foam cells previously observed from the SEM. The native foam has more regular cells with Kelvin-type lattice configurations. The structure of the 5 th returned foam has slightly elongated concave cells, higher density (pore dimensions are decreased between 4% and 60 % on average) and, quite significantly, the ribs show an irregular cross section distribution and kinks/corrugations along the rib axes. It has been observed in other types of auxetic foams (i.e., 1 st auxetic phase) that there are curved ribs and large connecting areas between beams in these foam networks 36 . Strong elongation and ellipticity of the pores has also been observed in anisotropic auxetic foams structures 37 . In classic centresymmetric honeycomb configurations, the auxetic behaviour is due to the global re-entrant shape -i.e., the internal cell angle is negative, giving the cell the butterfly shape typical of auxetic classical configurations 38 . The presence of kinks close to the intersection of the ribs can however produce a negative Poisson's ratio behavior, even though the unit cell of the foam has a global convex behavior with internal positive angles 39 . Figure 7c shows a multi-reentrant 40 honeycomb configuration, where the geometry is defined by the global cell wall aspect ratio (α = h/l), relative thickness (β = t/l), and the kink aspect ratio (γ = a/l). The expression of the Poisson's ratio ν 12 has been benchmarked by Finite Element simulations in 39, 40, 41 . NPR values can be obtained with small kink aspect ratios γ and negative king angles Kinks and cross-section reduction are produced during the mechanical compression phase within the mould (as also partially observed in 22 ) , and this would result in a reduction in the restorative force acting to reset the foam to its original dimensions. This would prevent complete shape recovery and would allow relatively facile compressive deformation to a processinduced intrinsic auxetic structure after the first several cycles. The validity of our assertion that the blocked shape memory effect is caused by a mechanical transformation is further compounded by the shape memory induced behavior produced by mechanical training on a syntactic foam produced from a styrene thermoset matrix with embedded glass microspheres by Xu and Li 42 
